Introduction
DNA methylation, which occurs in the genome of a vast array of bacteria, plants,
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fungi and animals, has been proven to play an important role in many cellular processes. These include embryonic development, transcription, chromatin structure, X chromosome inactivation, genomic imprinting and chromosome stability. [1] [2] [3] [4] [5] [6] Consistent with these important roles, a growing number of human diseases are now known to be associated with aberrant DNA methylation, often in CpG islands or promoter regions. 7 Consequently, regulation of DNA methylation is a vital part of normal development and when dysfunctional, may activate disease states such as cancer. [8] [9] [10] For example, hypomethylation of the global genome or hypermethylation of specific tumor suppressor genes may contribute to human carcinogenesis. 11, 12 Therefore, the precise detection of both the extent and location of DNA methylation in specific genes and the genome in its entirety (often referred as the "methylome") is urgently needed. 13 Recent rapid advances in sequencing technologies have enabled profiling of the genome methylation pattern at single-base resolution. So far more than 20 eukaryotic methylomes have been generated by next-generation sequencing technologies, as summarized in Table 1 . Analysis of this vast amount of methylome data has dramatically enhanced our knowledge of the conservation, divergence and biological function of DNA methylation in eukaryotes. [14] [15] [16] In this paper, we first briefly review the technologies of DNA methylation detection and then systematically compare the features of whole genome DNA methylation in eight animals, six plants and five fungi. This paper provides an overview of DNA bisulfite converts unmethylated cytosine bases to uracils, whereas methylated cytosine (mC) bases remain unchanged. Thus, after PCR amplification, unmethylated Cs are converted to thymines (T) while methylated Cs remain unchanged. This method provides quantitative, contiguous and base-pair resolution of genome methylation map, including methylation on CpG sites and non-CpG sites. 19, 24 Recent rapid advances in sequencing technologies have enabled profiling more and more genome methylation patterns at the singlebase resolution, including more than 20 eukaryotic methylomes ( Table 1) .
Despite these advances in BS treatment-based sequencing, there are several drawbacks to using this technique. For antibodies that target 5-methylcytosine (methylated DNA immunoprecipitation, MeDIP) or methyl-binding domain (MBD) proteins, followed by array hybridization or sequencing. [21] [22] [23] These approaches can determine genome-wide methylation levels and patterns but have major limitations in resolution, restriction enzyme bias, difficulty in characterizing genome regions that are rich in repeats and, most importantly, an inability to detect DNA methylation at a single-base resolution.
Currently, the "gold standard" method for the detection of DNA methylation at single-base resolution is an integration of sodium bisulfite (BS) conversion and next-generation sequencing. Sodium methylation features and differences in these organisms, with data primarily generated since November 2009. This study also provides some new insights into the evolution and role of DNA methylation in eukaryotes.
Methods for Genome-Wide DNA Methylation Profiling
In recent years, many methods have been developed to detect the genome-wide cytosine methylation status. [17] [18] [19] Widely used methods include restriction enzyme digestion of methylated DNA followed by hybridization to high-density oligonucleotide arrays or sequencing 4, 20 and capture of methylated genomic DNA with methylation, but such an effort is yet to be seen.
Global DNA Methylation Patterns in Eukaryotes
New approaches combining BS conversion and next-generation sequencing allow us to measure the DNA methylation level more accurately and comprehensively. In addition to detecting whether a particular cytosine site is methylated, multiple reads covering each methylcytosine can be used as a readout of the fraction of the sequences within the sample that are methylated at that site. 34 For each strand of a DNA segment or the whole genome, there are many different measurements for the level of DNA methylation. Using different measurements to compare the diverse methylation patterns among species might help us to understand the regulation and function of DNA methylation from different angles. Here, we propose two novel measurements to estimate the methylation level of a DNA segment or the whole genome. One is methylation broadness, which represents the fraction of cytosine sites detected as methylated in a given DNA segment. It can be calculated as the proportion of methylated sites over the total sites in a sequence (i.e., #mCG sites/total CG sites). The other is methylation deepness, which represents the extent of methylation of the methylated cytosines from reads (i.e., #reads coving mCs/ total reads coving the same sites). We obtained all the available methylome data and calculated their broadness and deepness. As shown in Table 1 and Figure 1 , the methylation deepness of CG sites in plants is typically as strong as in vertebrates. However, the methylation broadness of CG sites is much weaker in plants than in vertebrates ( Table 1 and Fig. 1) , indicating that the methylation at CG sites is conserved in different cell types in both plants and vertebrates and that CG methylation tends to occur in particular regions of plant genomes. We also found that the deepness of CHH methylation is higher than that of CHG methylation in most animals and fungi. Interestingly, the opposite pattern was observed in plant genomes, suggesting that the plantspecific machinery for establishing and that the non-CG methylation sites are conserved, suggesting that such methylation may be a general feature of human ES cells. A previous study also found substantial non-CG methylation in mouse ES cells, although its prevalence and genomic location was not clearly defined. 32 Interestingly, non-CG methylation was found to be absent in fetal fibroblasts and mature peripheral blood mononuclear cells. 30, 31 The 30, 31 (1) Non-CG methylation occurs more often in the gene bodies than in the promoter regions, where methylation is typically thought to suppress gene expression; 30, 31 (2) Non-CG methylation in gene bodies, however, is positively correlated with gene expression; 31 (3) Non-CG methylation is noticeably enriched on the antisense strand of gene bodies and a significantly more intronic transcription can be generated from non-CG methylation enriched genes; 30,31 (4) Non-CG methylation is significantly enriched in genes encoding proteins involved in RNA processing, splicing and RNA metabolic processes; 31 (5) Although non-CG methylation is absent in fibroblasts, when differentiated cells were experimentally reprogrammed to an iPS, non-CG methylation was restored at the tested sites. 31, 33 This raises the possibility that non-CG methylation may play an important role in maintaining pluripotency and like DNA demethylation at specific pluripotency-related gene promoters, restoration of methylation at non-CG sites in gene bodies may be required for efficient reprogramming of induced pluripotent stem cells. 31 It is well accepted that evolutionarily conserved methylation patterns tend to be functionally important, so it is necessary to compare the methylomes of human and mouse ES cells to reveal the evolutionarily conserved sites of non-CG example, the sample preparation steps associated with BS treatment are costly and time-consuming. Additionally, the BS treatment reduces sequence complexity by converting all mCs to Ts, which complicates the alignment of short reads to reference genomes. Finally, BS treatmentbased sequencing cannot discriminate mC and a newly identified epigenetic marker, 5-hydroxymethylcytosine (hmC). The presence of hmC was recently reported in the adult mouse brain and human embryonic stem (ES) cells; 25, 26 its functional significance has yet to be determined.
Several new technologies may bypass these problems by detecting DNA modification directly on single DNA molecules without BS treatment. The pioneering single-molecule sequencing approaches, including nanopore-based methods and single-molecule real-time (SMRT) DNA sequencing, with the capacity to discriminate native from modified bases, may enable methylome profiling for hundreds of thousands of contiguous bases, or even for entire chromosomes, as single long reads in which both primary sequence and methylation are simultaneously determined. [27] [28] [29] Although accuracy of the data generated by these approaches at the current stage is not satisfactory, it is likely that it will replace the current BS-conversion based methods in the foreseeable future. Such methods may advance the frontier of DNA methylome study from only a small handful of studies towards the examination of the patterning and dynamics of cytosine methylation in diverse populations, tissues and disease states. These might include the examination of diet/ nutrition, distinct cell types, mutants or diseases and large numbers of individuals from geographical populations (population methylomes).
Potential Function of Non-CG Methylation in Mammals
A surprising and provocative discovery in recent methylome studies was the prevalence of non-CG methylation in human ES cells. 30, 31 Nearly 25% of all methylated cytosines in the human ES cells did not occur exclusively at CG sites. The prevalence of non-CG methylation in another human ES cell line H9 revealed CHH context, with the latter directed and maintained by small RNAs (see Table 1 ). 35, 36 In the model plant Arabidopsis thaliana, methylation broadness at CG, CHG and CHH nucleotides are about 24.48, 14.47 and 6.47%, respectively. 37 Some fungi show substantial CpG site methylation and strong non-CpG methylation, corresponding to their Dnmt1-like and fungi-specific Dim-2-type enzymes, respectively ( Table 2) . Despite the differing methylation sequence contexts, genomes are methylated in different ways in diverse organisms. In animals, DNA methylation occurs mostly symmetrically (on both strands) at the cytosines of a CG dinucleotide. An intriguing exception is that a substantial portion of methylated cytosines in human ES cells were found in a CHG and CHH context. 30, 31 However, in higher plants, DNA methylation can occur at cytosines in both symmetric sequence contexts of CG and CHG (H = A, T or C), and also in an asymmetric maintaining CHG site methylation might be more efficient than in other organisms (Fig. 1) .
The expansion of eukaryotic methylome data prompted a more comprehensive comparison of whole-genome methylation profiles across the plant and animal kingdoms, revealing both conserved and divergent features of DNA methylation in eukaryotes. Although DNA methylation appears to be a widespread epigenetic regulatory mechanism, Figure 1 . Evolution of DnA methylation level of the available eukaryote methylomes. the phylogenetic tree was based on ncBi taxonomy Browser (www.ncbi.nlm.nih.gov/taxonomy/taxonomyhome.html/). only the topology is shown and the branch lengths are not proportional to evolutionary divergence time. green and red boxes indicate high methylation of gene body and transposon elements (tEs), respectively. on the right, a heatmap shows DnA methylation level (broadness and deepness for each kind of sequence context). the mthylome data of human imR90 fetal lung fibroblasts was used to represent the human.
in plants, fungi and vertebrates is concentrated in transposons, invertebrates showed an opposite pattern, with modifications occurring mainly in active genes (Fig. 1) , suggesting that the use of DNA methylation to repress deleterious transposons in genomes may have evolved independently in plants and vertebrates, while this function was lost in the invertebrate lineage. 24, 42 As shown in Table 2 , methylation of the gene body is highly conserved and was likely present in the last common ancestor of eukaryotes (Fig. 1) . 24, 42 Gene body methylation is not associated with gene expression level, thereby leaving its biological role an open question. Several methylome studies have revealed an interesting parabolic relationship between gene-body methylation and transcription levels. 23, 24, 41, 42 Whereas modestly expressed genes are more likely to be methylated, genes expressed at either the lowest level or the highest level are usually less methylation in invertebrate genomes occurs preferentially in gene bodies rather than promoter regions, [40] [41] [42] the absence of correlation between promoter methylation and gene expression level might reflect background methylation signal in the promoter regions; thus, the role of suppression of gene expression via promoter methylation in invertebrates may be very weak. Furthermore, in the rice genome, the negative correlation was also observed at the 3' end of genes. This suggests that the lack of methylation around the transcription termination site is important for gene expression. 24, 42 In plants and vertebrates, most methylated cytosines are found over repetitive elements and loss of this modification is associated with a transcriptional reactivation, as well as an increased mobilization of transposable elements. These observations likely reflect the ancestral role of cytosine methylation in the defense against invasive DNA. While DNA methylation cytosine methylation is established and maintained by a family of conserved DNA methyltransferases. 36, 38 Not surprisingly, the absence of DNA methylation in some eukaryotes such as yeast, roundworm and fruit fly has been associated with the evolutionary loss of DNA methyltransferase homologs. 39 Recent methylome studies showed that cytosines are methylated not only in repetitive sequences and transposable elements (TEs) but also in promoters and gene bodies and that DNA methylation is highly correlated with transcription ( Table 2 ). The methylation of gene's promoter regions has long been considered as a suppressor of gene expression. Consistent with DNA methylation's function of repressing transcription, gene expression correlates inversely with methylation level in the proximal region of the transcript start site (TSS) in all species with methylated promoters except invertebrates ( Table 2 ). Considering that DNA (4) In gene bodies, methylated cytosines are more conserved than unmethylated cytosines and other nucleotides. 43 These observations imply general roles of DNA methylation in transcriptional elongation, termination and perhaps in alternative splicing. Consistent with these findings, a recent study found exons were densely methylated at CpGs and packaged into nucleosomes. 44 Exon enrichment of DNA methylation was specifically found in spliced exons and in exons with weak splice sites. Based on a high-resolution DNA methylation mapping of 24.7 million CpG sites in human brain, Maunakea et al. 45 found 34% of all intragenic CpG islands were methylated, compared with only 3% of CpG islands in the 5' promoters. Interestingly, tissue-specific methylation was more common in intragenic CpG islands than in 5' promoters. Intragenic CpG islands also overlapped with markers of transcription initiation and unmethylated CpG islands overlapped with trimethylated H3K4 (a histone mark enriched at promoters). Altogether, these findings suggest that gene body methylation might play an important role in regulating tissue-specific or cell-specific alternative promoters. 45 Although many assumptions have been proposed about the function of intragenic methylation, further genomewide comparison of DNA methylation patterns and experimental verification are warranted to illustrate the exact function of gene body methylation.
